Abstract
INTRODUCTION

2
Previous research on the effects of endurance-type training has focused mainly on health- England) and the median value at each site was used. The following sites were evaluated: biceps, 1 triceps, subscapular and suprailiac. Adiposity (percentage of body fat) was estimated from the 2 appropriate skinfold measurements, using age-and maturity-specific equations (Durnin and 3 Womersley 1974; Slaughter 1988) . All measurements were performed by the same investigator.
4
The coefficient of variance (CV) was 5% and the intra-observer reliability (ICC) in 10 subjects 5 was r = 0.98.
6
Pubertal stage: Pubertal status was determined using secondary sex characteristics (pubic hair), 7 as described by (Tanner 1962) . Pubertal stage was self-reported, using drawings (Duke et al. 8 1980). The self-assessment form was placed in an envelope by the subject and handed directly to 9 the researcher, to assure discreetness.
10
Questionnaires: Questionnaires were completed by the subject, if needed with the help of the 11 investigator and possibly parent, to assess the subject's medical history, physical activity levels 12 and training history for the athletes. Physical activity level was assessed using a standardized 13 questionnaire (Godin and Shephard 1985) , as well as by a personal interview. Past and present 14 training experience was self-reported, through a personal interview.
15
Strength Testing Protocol: An isokinetic dynamometer system (Biodex III, Biodex, Shirley, 16 NY) was used to assess isometric strength (torque) of the elbow and knee flexors and extensors 17 of the dominant arm and leg, respectively. Isometric contractions were chosen to minimize 18 antagonist involvement so as to make torque measurements attributable to agonist action as 19 much as possible. The isokinetic dynamometer system was found reliable for measuring muscle 20 strength in children and adults (Dvir 2004) . The intra-session reliability for maximal strength 21 reliability coefficient (ICC 2,1 ) was 0.95 and 0.93 for boys and men, respectively. A similar 22 protocol was used in previous studies in the pediatric and adult population in our laboratory (Falk et al. 2009a; Falk et al. 2009b) . In order to reduce the noise on the recorded torque channel, 1 an EMG/analog signal access interface (Biodex, Shirley, NY) was used. This utility configures 2 the scale factors of the analog signal outputs for torque. For each participant the scaling factor 3 was adjusted according to the torque values reached in the habituation session during the first 4 visit.
5
For the upper limbs, subjects sat upright in a chair with the shoulder at 90° of flexion, 6 upper arm resting on an arm rest adjusted for the subject's height. The subject's elbow was 7 placed at 90° of flexion and the hand was in neutral position. The torque axis was positioned in 8 alignment with the lateral humeral epicondyle. After adjustments, subjects were secured in the 9 chair to prevent stabilizing movements that could affect the measurements with two straps 10 secured across the chest in an X fashion and a hip strap to stabilize the trunk.
11
For the lower limbs, subjects sat upright in a chair with hip angle of 120°, and the knee at 12 90° of flexion. The ankle was secured (using Velcro straps) to an adjustable lever arm. The 13 torque axis was aligned with the lateral femoral epicondyle. After adjustments, subjects were 14 secured in the chair to prevent stabilizing movements that could affect the measurements with 15 two straps secured across the chest and another strap across the thigh.
16
The testing protocol included a specific warm-up (5 contractions of progressive 17 intensity), followed by two sets of five 3-seconds maximal voluntary contractions (MVC). A 30-18 seconds rest followed each repetition. Rest between each set was 2 minutes. The order of the sets
19
(flexion/extension, upper/lower limb) was counterbalanced between subjects. Additional 20 repetitions were performed as needed, to reach at least 5 valid trials. Data were deemed 21 unacceptable due to execution errors, deviations in EMG baseline, or abnormal torque or EMG 22 amplitudes. Each subject was instructed to contract "as hard and as fast as possible" from a relaxed state to ensure maximal torque and rate of torque development (RTD). Subjects were 1 verbally encouraged to perform a maximal effort throughout each contraction. Online visual 2 feedback of the dynamometer's torque signal was available for the subjects on a PC screen.
3
Visual feedback has been shown to be important for torque production (Kellis and Baltzopoulos 4 1996), especially in young children (Smits-Engelsman et al. 2003) . Peak torque was recorded 5 from the dynamometer system and stored for off-line analysis. 
17
The EMG signal was band-passed filtered (20-450 Hz) using the Bagnoli-4 (Delsys
18
Inc., Boston, MA) bioamplifier. All signals were sent to a 16-bit A/D converter (BNC-2110, 19 National Instruments) and sampled at a rate of 1000Hz using a Computer-Based Oscillograph 20 and Data Acquisition System (EMGworks). Recorded data were stored for further analysis. Traces were time-locked on the torque onset and averaged. The average waveform 8 consisted of 400 ms prior to the force onset and 3000 ms afterwards. The mean traces were used 9 to calculate peak torque, RTD, rate of rise of muscle activation (Q 30 ), electro-mechanical delay 10 (EMD), time to peak torque, time to peak RTD, and agonist-antagonist co-activation. Peak RTD 11 was calculated by taking the maximum of the 1st derivative of the torque signal (Gabriel et al. Chi square analysis was used to compare the pubertal stage distributions. Group differences in 13 muscle performance and neuromuscular function were determined using a two-way analysis of 14 variance (ANOVA), with training and age as the between-subjects main effects. Post hoc groups as well as between the untrained control adult and the endurance-trained adult groups.
1
There was an age-by-training interaction for body mass, reflecting the fact that among the boys, 2 the endurance-trained boys were heavier, while among the adults, the pattern was reversed.
3
There were no significant differences between and within the age groups in relative body fat.
4
There were no significant differences in sexual maturation stage and years from age of peak 5 height velocity between the two boys groups (Table 1 ). There was a significant difference in training hours between groups. The adults trained 8 14.4±5.0 hr/wk while the boys trained 8.5±3.6 hr/wk. Both the men and the boys participated in 9 dry-land training which included limited resistance exercise in addition to their endurance-10 training program (2.5±1.3 hr/wk and 3.4±1.5 hr/wk, respectively).
11
Data for all four contraction modes (elbow flexion and extension, knee flexion and 12 extension) were collected. Since the pattern of results was similar in all four types of 13 contractions, for the purpose of simplicity only knee extension data are presented within the text.
14
The results of all contraction modes are summarized in Table 2 (see below) .
15
In absolute terms, men were significantly stronger than boys (Figure 1a ). There was an 16 age-by-training interaction, reflecting the fact that the trained boys were significantly stronger 17 than the untrained boys, while no such difference was apparent in the adults. When peak torque 18 was normalized to body mass (Figure 1b) , an age effect was still apparent, reflecting the fact that 19 on average, normalized torque was higher in the men. However, differences between trained and 20 untrained boys were no longer significant.
21
[ Figure 1a ,b]
Men exhibited a more rapid absolute RTD than boys during knee extension (Figure 2a ).
1
No differences were observed between trained and untrained groups within each age group. This 2 was also the case when RTD was normalized to peak torque (Figure 2b) . No age-by-training 3 interactions were apparent either in absolute terms or when RTD was normalized to peak torque.
4
[ Figure 2a ,b]
5
Men had significantly higher absolute Q 30 compared with boys ( Figure 3a) . There was a 6 training effect, reflecting the fact that on average, the athletes had higher Q 30 compared with the 7 non-athletic groups. More importantly, there was an age-by-training interaction, which reflects 8 the fact that the trained men had significantly higher Q 30 compared with their age-matched 9 untrained group, while the difference between the trained and untrained boys was not significant.
10
When Q 30 was normalized to peak EMG amplitude (Figure 3b ), age and training effects 11 were still significant. There was also a trend toward age by training interaction (p=0.090),
12
reflecting the fact that the endurance-trained men had higher Q 30 compared with their age-13 matched untrained group. No such difference was apparent in the boys. That is, the training 14 effect was due predominantly to the difference between the trained and untrained adults (but not 15 the children).
16
[ Figure 3a ,b]
17
There were no significant differences in time to peak torque between the two age and 18 training groups (Figure 4a) . However, the time to peak RTD was significantly longer in the boys Table 2 presents the results of the ANOVA for repeated measures 8 analysis highlighting only the significant effects. An age effect was apparent in all variables 9 examined, which reflects the fact that the pattern of age differences was a persistent finding 10 across all four modes of contractions tested. On average, the men had higher torque, RTD and
Repeated measures analysis:
11
Q 30 values than the boys, whether those variables were expressed in absolute or normalized 12 values. Furthermore, EMD, time to peak RTD and peak torque were significantly longer in boys 13 compared with men. The co-activation index was lower in men compared with boys. In addition, 14 the training effect was apparent only in co-activation index, which reflects the fact that on 15 average the athletes had lower co-activation index than the untrained subjects. However, it 16 should be noted that generally, co-activation indices were very low (<0.20) in all groups.
17
There was an age-by-training interaction for absolute peak torque, reflecting the fact that 18 the endurance-trained boys were significantly stronger than their age-matched untrained controls.
19
Th is was not the case in the men. When peak torque was normalized for body mass, no training 20 effect or interactions were observed. There was an age-by-training interaction when Q 30 was 21 normalized to peak EMG amplitude. This interaction reflects the fact that the endurance-trained men had higher Q 30 values than their age matched control subjects, while no such difference was 1 apparent between the two boys groups. We compared maximal isometric torque, rate of torque development, and rate of muscle 5 activation of elbow and knee flexion and extension, in endurance-trained and minimally-active 6 boys and men. Our main results showed that men were stronger, had higher RTD and Q 30 than 7 the boys, whether expressed in absolute values or normalized to body mass, peak torque or peak 8 EMG amplitude, respectively. No training-related muscle-performance differences were 9 observed but trained men had significantly higher Q 30 compared with the untrained men. While 10 Q 30 also tended to be higher in the trained boys, the difference was not statistically significant.
11
The lower peak torque observed in the boys is in agreement with previous studies of 12 untrained children and adults (De Ste Croix et al. 1999; Lambertz et al. 2003) . Our study extends 13 previous results by demonstrating that this age-related difference also exists among endurance-14 trained athletes.
15
Overall, children's co-activation index was found to be similar or slightly higher than that 16 of adults. However, in both age groups and in all contraction modes, co-activation was very low 17 and could not explain the higher size-normalized peak torque observed in our adult subjects. Th is 18 is in agreement with previous studies which examined isometric strength of untrained boys and Age-related differences in muscle fibre-type distribution could potentially explain 
5
No difference was observed in peak torque between the trained and untrained men in 6 either absolute or body-mass normalized terms. Th is is consistent with previous findings 7 ( Sleivert et al. 1995) , suggesting that endurance training has little or no effect on maximal 8 strength.
9
In absolute terms, peak torque was significantly higher in the trained boys than in their 10 age-matched counterparts. This was mainly due to the trained-boys' greater body mass. Indeed, 11 normalized to body mass, the peak torque difference was statistically insignificant. Two previous 12 studies reported greater maximal isometric knee extensor strength in young male gymnasts The boys' lower absolute RTD is partly explained by its dependency on peak torque. MUs could not be ruled out as likely contributors to EMD and changes thereof. Furthermore, the pattern of higher rate of activation observed in the adults', but not boys' trained 7 group was also apparent in the upper limbs. Thus, it appears that the difference in subject make-8 up of the two age groups strengthens rather than weakens the claim that endurance training does 9 not affect muscle force and dynamics.
10
In summary, during maximal voluntary isometric muscle contractions men were stronger, We would like to thank the participants and their parents for their cooperation and 3 enthusiasm. We would also like to thank James Desjardin for his expertise and technical 4 assistance in data reduction.
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